Introduction
Osteonecrosis in the simplest etymology of the word is: osteo = bone and necrosis = becoming dead. Dorland's dictionary defines osteonecrosis as ''necrosis of bone due to obstruction of its blood supply'' [1] . The process of avascular necrosis of the hip follows that definition. But not all osteonecrotic events begin with avascularity. Obstruction of blood supply may be a secondary or tertiary effect of the original cause of osteonecrosis. In osteonecrosis of the jaws (ONJ), traumatic events, bacterial infections, fungal infections, viral infections, immunodeficiency, radiation, and genetic diseases such as osteopetrosis, have all been implicated or shown as causative. The above list is not meant to be exhaustive of all causes of ONJ [2] . This paper will focus primarily on osteonecrosis of the jaw secondary to, or associated with medications ( Fig. 1) .
The current literature continues to expand with acceleration of numbers of articles on the subject each year. A simple computer assisted search on PubMed (US National Library of Medicine Bethesda, MD http://www.ncbi.nlm. nih.gov/pubmed) reveals approximately 2,000 articles as of September 2014. The advent of a series of patients with osteonecrosis associated with bisphosphonate medications was first noted in 2003 in a letter by Marx [3] though some scattered earlier studies suggesting a jaw risk do exist [4] [5] [6] . Ruggerio and Lugassy with their colleagues followed with better defined patient studies [7, 8] . In 2006, a narrative review by Woo et al. [9] continued to establish reported trends in the demographics of the growing problem associated with bisphosphonates and jaw necrosis.
Nomenclature
Unfortunately, the nomenclature of the process being discussed has become a confusing amalgam and polyglot of acronyms and words. The simple term osteonecrosis of the jaw (ONJ) without modification, may be the most common term . However, that term is also associated with such things as radiation, trauma, and infection. Terms such as: bisphosphonate osteonecrosis (BON), bisphosphonate associated osteonecrosis of the jaws (BONJ), bisphosphonate related osteonecrosis of the jaws (BRONJ), antiresorptive osteonecrosis of the jaw (ARONJ) and medication related osteonecrosis of the jaw (MRONJ) have all had proponents and all continue to be utilized [10, 11] .
However, Migliorati [12] [13] [14] [15] first proposed a designation of the disease as osteochemonecrosis. This designation continues to have some cachet due to the increasing numbers of medications associated with the disease, as well as its similarity to the well-recognized designation of osteoradionecrosis. However, none of the terms are totally satisfying, with detractors of the term osteochemonecrosis stating that it implies only oncologic chemotherapy. Medication related osteonecrosis of the jaw (MRONJ) is the latest term proposed by the American Association of Oral and Maxillofacial Surgeons. In their position paper, they emphasize the various medications which have been associated with exposed bone of greater than 8 weeks and not related to radiation therapy [11] . However, in this paper, osteochemonecrosis (OCN) will be preferred regardless of the drug implicated; e.g. bisphosphonates, VEGF inhibitors, tyrosine kinase inhibitors, RANK L antibodies, cathepsin K inhibitors, or immune modulators such as sirolimus.
History and Medication Review of Osteochemonecrosis
There are a number of medication classes associated with OCN. In Table 1 , generic names and product names related to patient groups are shown. Protein derived medications are being developed constantly and it is our responsibility to be aware of new drug developments. It was the early days of nitrogen containing bisphosphonates that brought the attention to this discussion of OCN. Nitrogen containing bisphosphonates also continue to be the overwhelmingly most common medication type seen in cases of OCN. Marx is generally given credit for his 2003 letter to the editor [3] to first described bisphosphonate OCN though it was the article by Ruggiero et al. [7] that truly gave substance and attention to the association of jaw necrosis with bisphosphonate use. Ruggiero et al. correctly outlined some of the general demographics which continue to apply today. In general, about 90 % of BRONJ cases are secondary to nitrogen containing bisphosphonates utilized for oncologic reasons and 10 % are secondary to use for low bone density disease. About two-thirds of the cases involve the mandible, and multifocal/multi-arch involvement is relatively common. About three quarters of the cases are in women due to breast cancer as well as women being treated for low bone density. However, some of the specifics have changed since the first reports. One example is the fact that zoledronic acid now has a larger market share than pamidronate and accounts for more overall cases. Another example relates to expanded use of bisphosphonates in addition to malignant disease processes other than multiple myeloma, prostate, and breast cancer. In addition, there are also newer modulators of osteoclastic action that act by different mechanisms. The nitrogenated bisphosphonates, in general, work within the osteoclast only after being absorbed from the hydroxyapatite crystal. The osteoclast is then deactivated thru the isoprenoid pathway intracellularly. The nonnitrogen containing bisphosphonates act differently, are not as potent as the nitrogen containing bisphosphonates, and do not bind to the hydroxyapatite crystal as avidly. The long half-life, especially of the nitrogen containing bisphosphonates, is due to their accumulation within the hydroxyapatite crystal lattice of the bone [16, 17] . The overwhelmingly dominant process to remove the nitrogen containing bisphosphonate from that lattice is through osteoclastic action, but that osteoclastic action necessarily results in intracellular accumulation of the bisphosphonate, which then blocks the osteoclast from further bone remodeling. Thus the overall skeletal turnover is lengthened dramatically and the action of the nitrogen containing bisphosphonate may continue for many years with a halflife of some being estimated at 10 years or more [18] [19] [20] . New nitrogen containing bisphosphonates such as neridronate [21] are being developed but cases of osteonecrosis have yet to be reported.
Denosumab is a new humanized antibody with a similar reported frequency/incidence of OCN to nitrogen containing bisphosphonates. Denosumab is a humanized antibody affecting the RANK L system. Denosumab results in a nonreversible deactivation of osteoclasts which persists until osteoclastic cell death. New osteoclasts are formed on a daily basis and thus if an osteoclast is formed after one administration of the drug and before the next administration that osteoclast will be fully functional. The overall action is therefore time limited and related to osteoclast turnover and dosage pattern (though there is some slight reincorporation of some of the antibody upon cell death). In general, the effect of the drug is 2-5 months duration after administration, with a half-life of about 25.4 days [22] [23] [24] [25] [26] [27] [28] [29] [30] .
Tyrosine kinase inhibitors as well as VEGF inhibitors are FDA approved and currently in use in the United States. The two medications with reported OCN are included in Table 1 , though more tyrosine kinase inhibitors are on the market. Tyrosine kinase inhibitors target macrophages which then have an effect on monocytes through colony stimulating factors to inhibit the osteoclast within the osteoclastic developmental feedback loop. VEGF inhibitors work somewhat more directly to inhibit the osteoclasts through their action on monocytes which then are in the osteoclast developmental feedback loop. Further reading on these medications will be left to the reader for exploration [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
Odanacatinib is an inhibitor of cathepsin K. Cathepsin K is a cysteine protease which is instrumental in hydroxyapatite matrix degradation including type I collagen. The current studies on its use center around low bone density patients and FDA approval may occur in the next few years as safety studies continue. A promising feature of the cathepsin K inhibitors is the short and reversible half-life [41, 42] .
Medications which act directly on osteoblastic activity seem to have no association with osteochemonecrosis. For instance the parathormone analog teriparatide (Forteo has been shown to be helpful during the treatment phase of OCN. Because it also has some benefit in the management of low bone density, it offers the advantage of a therapeutic agent other than a bisphosphonate [43] [44] [45] . Its disadvantages are cost and its ability to only be used for a two-year timeframe. Vitamin D also acts directly on the osteoblast and has not been associated with osteochemonecrosis.
A new medication in development is also antibody derived and works as a sclerostin inhibitor. Romosozumab [46] development is still very early in its FDA approval process. But it is an intriguing possible management/therapeutic alternative for osteochemonecrosis patients. This is due to its action on the osteoblastic side of bone turnover. But because of its action within the Wnt pathway there are some safety concerns, so studies will undoubtedly continue. Table 1 is provided so that if a disease is noted in the history, and medications are not up-to-date, the pathologist may check the electronic health record or inquire about medications history. Distant medication use is probably only important for the nitrogen containing bisphosphonates due to their very long half-life. Of additional interest may be the study or review of bisphosphonate use in children with osteogenesis imperfecta. At the current time no cases of osteonecrosis of the jaw in children receiving bisphosphonates have been reported, even after multiple tooth extractions [47] [48] [49] .
Clinical Diagnosis of Osteochemonecrosis
For this discussion the staging proposed by the American Association of Oral and Maxillofacial Surgeons (AAOMS) will be utilized with comments and minor modifications [11] (Table 2 ). This staging system requires that patients are taking an antiresorption drug, have no previous H&N radiation therapy or metastatic disease to their jaws, and have signs and/or symptoms of at least 8 weeks duration. For radiographic aspects, due to the long time periods necessary for bone to demonstrate evidence of significant sclerotic or osteolytic change, it is assumed that the duration is of at least 8 weeks. Some other staging systems have been proposed but at this point in time the AAOMS paper is the most widely utilized [11, 50] .
One of the deficiencies of the AAOMS system is that it is very difficult to know how to stage patients who have a history of a medication associated with or causing ONJ and also a history of radiotherapy of the jaws and/or obvious metastatic disease of the jaws. Carlson reports several cases that are combined cases of bisphosphonate osteonecrosis the jaw and metastatic disease of the jaw. Though extreme care should be given to diagnose two or more disease processes, the intent of the AAOMS definition should not be interpreted as tautologically eliminating the possibility of diagnosing osteochemonecrosis along with other entities.
Patient Management
Treatment strategies continue to stress prevention. When sequestra present and/or surgical management is necessary, debridement is appropriate and tissue should be forwarded to the pathology laboratory. Sequestra as well as resection specimens are particularly likely to be received in stage 2 or 3 disease [51] [52] [53] . It is recommended to surgeons that all sequestra that is removed be submitted for pathologic confirmation. This is particularly important for specimens over 6 mm, because larger sequestra are more frequently associated with malignant disease [54] .
Gross Table Considerations Standard grossing protocols apply with appropriate description of both soft tissue as well as hard tissue components. If soft tissue components are large enough to warrant a separate cassette, they should be separated from the hard tissues to avoid demineralization artifact. The most common specimen received will be a sequestrum. The sequestra are noticeably less dense than what would be considered for normal vital bone and have been described grossly as pumice-like. This decreased density may be due to the almost total lack of soft tissue components within the marrow spaces or probable changes in mineralization. Demineralization is generally quicker in these less dense specimens with frequent checking of the specimen and solution changes advised to minimize demineralization artifact. A single night is often sufficient for demineralization. Formalin with formic acid is preferred in this author's laboratory for demineralization (e.g. Calfor Ò Cancer Diagnostics Inc. Durham, North Carolina). A version more suitable for possible future immunohistochemical reactions is also available. However, standard HCl with EDTA solution (e.g. Cal-Ex TM Thermo Fisher Scientific, Waltham, MA) may also be utilized, especially for more dense specimens. However, the tissue must be properly fixed and closely followed.
The sequestrum/specimen should be examined for the presence of granulation tissue and this will indicate the non-exposed basal bone surface(s). The typical formalin fixed tissue indicators for granulation tissue, such as bloody coagulum or soft tissue fibrillations on the surface are helpful. The base may also be recognized by having a different contour/texture from the exposed bone and is usually self-evident upon exam.
The exposed surfaces of bone are usually indicated by a smoother but finally granular appearance. Brown-black chlorhexidine staining (Fig. 1) may also be evident at the gross table and will indicate exposed bone. If received fresh, the surface microbiome is often a creamy-yellowishtan surface film and seen once, is easily recognized thereafter. However, the bacterial colonization is often easily appreciated even after fixation. After fixation, the microbiome is usually a granular tan color at the grossing table.
If both the base and the exposed bone surface of the sequestrum/resection are identified, proper orientation can be achieved. In Fig. 1 , the upper right portion of the image shows the underlying granulation tissue immediately after sequestration. Orientation may be challenging because sequestra can have one or more exposed surfaces and one or more bases. An involucrum will have no exposed bone surface. It is preferred to have the demineralized specimen sampled along the entire base with inking at the gross table appropriate to allow for later microscopic identification. Ideally each section will be embedded so as to observe both the nonexposed as well as exposed bone (Fig. 2) .
Radiographic Features
Whenever bony samples are obtained, radiographic imaging is often helpful to the pathologist if available. The classic reported anti-resorptive agent changes are sclerotic. Sclerotic changes may be seen in many fashions but a classic feature would be extraction sockets appearing radiopaque [55] . The sequestrum may also be well appreciated on 3-D imaging such as cone beam CTs (Fig. 3) . However, a radiolucent appearance is not uncommon, nuclear medicine scans are often unexpectedly hyperintense with admixtures of both radiopaque as well as radiolucent being common. Thus, images are best utilized for assessing features of the individual specimen as well as for appreciating extent of disease and location. Overall interpretation is best left to the radiologist.
Microscopic Features
There are some studies related to the microscopic features of osteochemonecrosis, each with strengths and weaknesses [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . Most of the specimens received in a Fig. 2 Example of surface bacteria with relatively fine resorptive bone features compared to the underlying nonexposed bone with a coarser resorptive pattern more likely to represent past osteoclastic action pathology laboratory are the result of sequestrectomies. Because of this, microscopic examinations may show little or no soft tissue component. Microscopically the majority of the bone will be nonvital without evidence of osteocytes within individual lacunae. However, head and neck pathologists are undoubtedly aware of the effect of demineralization on some bone samples. It is not unusual for some osteocytes to ''drop out'' of individual lacunae but this dropout effect should be splotchy. And if this splotchy pattern is noted it should be considered artifactual. As such, the overall survey of lacunae in vital bone will reveal that many have an osteocyte present. In samples due to osteochemonecrosis, large areas will be nonvital, but basilar areas often display regions of vital lamellar bone. In the areas of the vital lamellar bone, apparently normal osteoclasts may be seen within Howship lacunae.
Some osteoclasts, though normal in size and shape, may be a short distance from the actual bone interface in a detached or so-called ''floating'' position (Fig. 4) . These osteoclasts may also be seen as ''giant osteoclasts''. Giant osteoclasts are uncommon but are classically described and should not be overlooked if present. Giant osteoclasts are identified by large numbers of nuclei with cells having more than the expected 3-8 nuclei. Fifteen or more nuclei within the cell are not unusual in giant osteoclasts [66, 67] . It is assumed that any osteoclast that is no longer in close contact with the bone is nonfunctional. In Howship lacunae without an associated osteoclast the lacuna are often relatively shallow. This shallowness may be an indicator of the amount of bone that was able to be resorbed before deactivation of the osteoclast. The soft tissue, if seen, will show increased vascularity in the form of granulation tissue with primarily acute inflammatory cells in the form of neutrophils. Neutrophilic debris is often common and some eosinophils may be noted (Fig. 4) . Though acute inflammatory cells are most common, this is not meant to imply that some chronic inflammatory cells may also be seen.
Studies on the bacterial microbiome have generally focused on the common presence of actinomycotic colonies (Fig. 5) . Because actinomycotic colonies are the only bacterial form easily seen by light microscopic examination, the importance of these colonies is likely overestimated. Figure 5 displays apparent actinomycotic colonies on the soft tissue side with mixed bacterial colonies on the surface. Sedghizadeh has studied these microbial biofilms as well as nanowire properties. His studies undoubtedly show the surface microbiome as being very complex and more complicated than the actinomycotic colonies alone [68, 69] .
Common along the bone surface at the base is evidence of resorption without evidence of associated osteoclasts. The pattern of resorption is often different than that resulting from osteoclasts and the Howship lacunae though bacteria can often backfill some of these as well. The pattern is more like that of the scalloping and advancing border associated with dental caries, especially that of root caries. It would appear that the possibility of the bacterial microbiome acting as a resorption agent separate from osteoclastic action may be at play in some specimens. This bacterial action is also implied in the Sedghizadeh article though not directly stated as such. I suspect that one component of some sequestration events may be aided through the action of bacterial acidic action and the resulting resorption. Reversal lines, resorption pattern, bacterial colonization, distribution of vital bone elements as compared to nonvital areas and other mentioned features are all helpful in assessing osteochemonecrosis. Though no single or combined microscopic feature is pathognomonic for osteochemonecrosis although significant numbers of detached osteoclasts may be most helpful.
Marx and Turson mention the detached osteoclasts, but overall their paper is more optimistic than practical in definitively diagnosing osteochemonecrosis by microscopic features alone [64] . A rebuttal to the paper is well discussed by Kalmar in his Letter to the Editor [63, 65] .
Conclusion
Devitalized bone is often removed from the jaws and submitted to a pathology lab. It is important for practicing pathologists to be aware that bone necrosis from the jaws can result from infection (bacterial, viral, and fungal), trauma, radiation, ''spontaneous sequestration'' or secondary to a variety of antiresorptive agents.
Medications associated with osteochemonecrosis of the jaw will likely continue to expand with the advent of new medications. These medications may prove effective for low bone density as well as in skeletally related events secondary to primary malignancy or metastatic disease. It is hoped that the shorter half-life of newer medications will prove to be beneficial in at least resolving osteochemonecrosis more quickly than in the current era where nitrogen containing bisphosphonates predominate. However, it must be remembered that these nitrogen bisphosphonates have been extraordinarily helpful in reducing hip fractures by approximately 43 % and extending both quality of life and lifespan in patients with various skeletally related malignancies, and they will undoubtedly continue to be used [70] [71] [72] [73] [74] [75] [76] .
